P
arkinson's disease is the second most common neurodegenerative disorder (1) and is classified into two major subtypes: rare familial forms resulting from the inheritance of single gene mutations and the common sporadic disease with important environmental contributions (2) (3) (4) . Age is the most significant risk factor for sporadic disease, although exposure to agricultural and environmental toxins, such as paraquat and rotenone, also increases risk (5, 6) . A number of genes have been found associated with familial disease, although how these inherited disease genes may influence development of sporadic disease is not well understood.
Mutations in PARK7, which encodes DJ-1, generally occur in a recessive pattern resulting in loss of gene function and cause early-onset parkinsonism with abnormalities in the dopaminergic system resembling those of sporadic Parkinson's disease (7, 8) . The role of DJ-1 in oxidative stress (7) makes it a candidate to integrate genetic and environmental components critical for sporadic disease. Dopaminergic neurons are thought to have high basal levels of oxidative stress due to the highly reactive nature of dopamine (9) (10) (11) . Exposure to environmental agents that induce further oxidative stress leads to selective dopaminergic neuron degeneration in animal models (6, (12) (13) (14) (15) (16) , reflective of increased risk by such agents for Parkinson's disease in humans (5, 12, (17) (18) (19) (20) (21) (22) .
Studies in cell culture and animal models suggest that DJ-1 protein responds to oxidative stress (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , shifting to more acidic species (33, 34) . This includes oxidation of highly conserved cysteine residues, leading to the formation of cysteine sulfinic or sulfonic acids (35, 36) . Given the potential importance of these residues in DJ-1 structure and͞or function, their modification upon oxidative stress may have functional consequences relevant to the activity of the protein. Cell culture studies have suggested that DJ-1 function may be modulated by oxidation of cysteine residues (32) , potentially leading to activation of chaperone activity (37, 38) . Although studies in mice and Drosophila indicate that loss of DJ-1 leads to greater sensitivity to oxidative stress (28) (29) (30) , functional effects of oxidative modification of DJ-1 in the animal in vivo are unknown. Here, we address functional consequences of oxidation, demonstrating that modification of DJ-1b at critical cysteine residues may inactivate protein function, and that age, a major risk factor for Parkinson's disease, has a dramatic effect on the relative abundance of modified DJ-1 in flies, mice, and humans. These studies reveal how two risk factors (age and oxidative stress) may regulate DJ-1 protein activity, potentially contributing to sporadic Parkinson's disease.
Results
Human DJ-1 (hDJ-1) Function Is Conserved in Drosophila. In Drosophila, deletion of the gene encoding DJ-1b results in selective sensitivity to oxidative stress, a phenotype fully rescued by ubiquitous expression of DJ-1b in the DJ-1b deletion mutant background (29) . Previous studies indicated that hDJ-1 protein may also play a protective role in the setting of oxidative stress (7, 28, 32) . Therefore, we determined whether the DJ-1 pathway was conserved by testing the properties of the human protein in the context of the fly.
hDJ-1 forms a dimer critical for function (36, (39) (40) (41) ; therefore, we first determined whether hDJ-1 was dimeric in the fly in vivo. Gel filtration analysis showed that both fly DJ-1 and hDJ-1 displayed similar elution profiles, with DJ-1 immunoreactivity present in fractions corresponding to the size of the predicted dimer (38-40 kDa; Fig. 1 a and b) . This indicated that both hDJ-1 and fly DJ-1b are dimers upon isolation from intact flies.
We then determined whether hDJ-1 had activity to rescue the fly DJ-1b deletion mutant. Exposure of DJ-1b mutants to paraquat normally results in dramatically increased sensitivity to the toxin; however, animals expressing hDJ-1 were now rescued, showing a reduction in sensitivity compared to deletion mutants (Fig. 1c) . The hDJ-1 protein also responded biochemically in vivo to oxidative stress, with exposure of rescued animals to paraquat resulting in an increase in the more acidic isoform of hDJ-1 (from 22 Ϯ 5% to 45 Ϯ 6% with paraquat; Fig. 1d ). These results demonstrate that the fly environment is compatible with hDJ-1 activity, and that both hDJ-1 and fly DJ-1 proteins retain important biochemical properties in vivo, highlighting conservation of the DJ-1 pathway.
for hDJ-1, the cysteine residues (C46, C53, and C106) have been shown to be modified, resulting in a shift toward more acidic species (35, 36) . Recent findings of increased acidic isoforms of DJ-1 in the brains of Parkinson's patients support a role for DJ-1 modification in sporadic disease (42, 43) . Therefore, we addressed DJ-1 modification and potential effects on function in vivo using Drosophila.
Modification of DJ-1b with paraquat exposure is detected both as a shift toward more acidic species by 2D gel electrophoresis and by decreased mobility by 1D SDS͞PAGE. By 2D analysis, wild-type DJ-1b displayed three isoforms ranging in pI from Ϸ5.8 to 5.2 ( Fig. 2a) . Normally, the most basic isoform 1 was present in greatest quantity (68 Ϯ 4%), followed by isoform 2 (32 Ϯ 5%), with minor levels of the most acidic isoform 3 (Ϸ1%). Upon exposure of flies to paraquat, isoforms 2 and 3 increased in relative abundance to 40.8 Ϯ 4.2% and 7.1 Ϯ 2.1%, respectively (Fig. 2b) .
To determine amino acid targets of modification, we performed mass spectrometry on DJ-1b from paraquat-treated Drosophila cells. Isoforms 1 and 2 were digested with trypsin and mass spectrometry analysis performed. This allowed 80% coverage of the protein, including a fragment containing C104. This approach revealed that DJ-1b became modified at C104 to cysteine sulfinic and sulfonic acid in isoform 2; modification of this peptide in isoform 1 was not detected (Fig. 7 , which is published as supporting information on the PNAS web site). These results suggest that, as in hDJ-1, cysteine residues (minimally C104) are sites of modification upon oxidative stress.
We then targeted both cysteine residues (C104 and C45, analogous to C106 and C46 in hDJ-1) for mutagenesis. These residues are fully conserved among all eukaryotic orthologs (44) and are known sites of oxidation in hDJ-1 (35, 36) . Mutants were generated that substituted cysteine with alanine (C3A) or aspartic acid (C3D). Alanine substitution is predicted to be unable to become modified by oxidation, whereas aspartic acid substitution may simulate acidification by oxidation. Transgenic flies were generated, and lines selected that expressed the mutant proteins at levels comparable to that of the control DJ-1b transgene. We then expressed the transgenes in vivo in the DJ-1b deletion background. Flies were exposed to normal (placebosupplemented) or paraquat-supplemented food and protein samples analyzed to determine modification profile.
Flies expressing either C45A or C104A displayed an altered isoform pattern: the mutant proteins showed a marked decrease in the amount of isoform 2 normally compared to the wild-type protein (11 Ϯ 3% in C104A and 14 Ϯ 2% in C45A, compared to 30 Ϯ 4% with wild-type DJ-1b). The mutant proteins did display an increase in isoform 2 upon paraquat exposure (to 22 Ϯ 3% in C104A and 20 Ϯ 3% in C45A); however, isoform 3 was never detected with either mutant (Fig. 2b) . These studies are consistent with a model by which the protein with a single cysteine can still oxidize to isoform 2, but by which both cysteines are required for isoform 3 (Fig. 2d) . We confirmed this by mutating both cysteine residues to alanines (C45A.C104A); this double-mutant protein failed to shift despite exposure to paraquat (Fig. 2b) . Therefore, these data suggested that both cysteines were necessary for acidic modification of DJ-1b.
We then examined the behavior of the C3D mutant proteins. As noted, aspartic acid is predicted to mimic constitutive acidic modification. Indeed, both C45D and C104D proteins displayed an increased level of the acidic isoforms, with or without exposure to paraquat (for both, Ͼ50% of total protein was isoform 2), and no additional isoforms were seen upon paraquat treatment (Fig. 8 , which is published as supporting information on the PNAS web site). Given that the alanine mutants failed to shift, and that the aspartic acid mutants were constitutively shifted, these results indicate that C45 and C104 in DJ-1b are essential for acidic shift upon paraquat treatment. We also noted that C104 mutations affected the 1D migration pattern of the protein; C104A never shifted, whereas C104D migrated in a constitutively modified manner (Fig. 2c and Fig. 9 , which is published as supporting information on the PNAS web site). These data indicate that the cysteine residues of DJ-1b are critical for protein modification upon oxidative stress and strongly suggest that the cysteines in fly DJ-1b protein, as in the human protein, are sites of modification.
C104 Is Critical for DJ-1b Function in Oxidative Stress. The significance of the cysteine residues and their modification was addressed by determining the rescue activity of normal and cysteine mutant forms of DJ-1b upon paraquat exposure of flies deleted for endogenous DJ-1b activity. These studies revealed that proteins mutant at C45 retained full activity to protect against paraquat exposure (Fig. 3 a and c) , but those mutant at C104 were strikingly defective, functioning as protein nulls (Fig.  3 b and c) . Similar results were obtained with exposure to a second oxidative stress agent, hydrogen peroxide (data not shown). These data indicate that C104 appears crucial for the protective function of DJ-1b in vivo.
Mutation at C104 or in vivo modification of this residue by oxidation could lead to functional inactivation by affecting the activity of the protein or by altering critical biochemical properties of the protein such as stability or dimerization. Control experiments indicated similar stability and dimerization of modified DJ-1b and the mutant proteins, although C45D was difficult to express at comparable levels in vivo (Figs. 10 and 11 , which are published as supporting information on the PNAS web site). These biochemical and functional studies revealed that DJ-1b is modified in vivo at C104, and that mutation of C104, including aspartic acid mutation that by 2D and 1D analyses mimics constitutively modified DJ-1b, renders the protein nonfunctional in protection from oxidative stress. These studies therefore suggested the possibility that oxidation of DJ-1b by oxidative stress impairs DJ-1b protein function, that is, that overoxidation of DJ-1b may inactivate the protein.
DJ-1 Modification Increases with Age in Flies and
Humans. These studies indicated that the status of DJ-1b modification at C104 can be assessed by 1D SDS͞PAGE (see Fig. 2c ), and that overoxidation may indicate functional inactivation. We then determined whether any disease-associated phenotypes showed altered levels of modified DJ-1b, thus potentially indicating situations where DJ-1 may be functionally inactive. The level of DJ-1b modification was assessed in various fly models. Most revealed little effect, except for superoxide dismutase mutant flies with neurodegeneration; this finding parallels a recent report of a DJ-1 mutation in a family showing parkinsonism accompanied by amytrophic lateral sclerosis (ref. 45 ; Fig. 12 , which is published as supporting information on the PNAS web site). However, in the course of these studies, we noted a striking effect of age on the status of DJ-1b modification. We pursued this relationship given that age is a critical risk factor for Parkinson's disease.
First, we compared the modification status of endogenous DJ-1b between young (1-day-old) and older (40-day-old) flies in several isogenic lines. This analysis revealed a striking and consistent increase in the amount of modified DJ-1b with age: for example, whereas 0.8 Ϯ 0.4% of DJ-1b was modified in 1-day-old flies of line 5905, 17.9 Ϯ 3.4% was modified in 40-day-old flies (Fig. 4a) . 2D gel analysis confirmed an increase in isoform 2 in older flies, with a level of 7.1 Ϯ 1.4% of DJ-1b in isoform 2 in young flies, increasing to 31.0 Ϯ 3.5% in 40-day-old flies ( Fig. 4b ; in these and other studies, we did not see a change in the overall level of protein).
Given this striking effect of age in flies, we then determined whether an increase in DJ-1 modification occurred with age in mice and humans. 2D gel analysis was performed on brain samples from two distinct mouse strains (B6D2F1 and C57BL͞6) of increasing age (4-24 months). Murine DJ-1 showed up to four isoforms of the protein. Analysis revealed an increase in acidic isoforms 2-4 with age, from 1 Ϯ 1% in mice of 4 months to 19.6 Ϯ 2.2% in 2-yr-old mice (Fig. 4c) . A similar increase in acidic species also occurred in skin samples, although isoforms 3 and 4 were not increased as dramatically as in brain (Fig. 13 , which is published as supporting information on the PNAS web site). Results were similar in both strains.
We then analyzed postmortem samples of human cortex from individuals of increasing age. HDJ-1 displayed up to six distinct isoforms with 2D analysis. Comparison of young to older individuals revealed a significant increase in the relative amounts of the most acidic isoforms 5 and 6 with age: 2.2 Ϯ 1.7% in young individuals (14 wks to 2 yrs) to 11.2 Ϯ 1.1% in middle-aged and 11.5 Ϯ 1.8% in elderly individuals (36- 92 yrs; Fig. 4d ). These results suggest that age is associated with increased levels of acidic DJ-1 isoforms, thus increased modification of DJ-1, in flies, mice, and humans. Taken together with our findings to indicate that modification of DJ-1 may inactivate protein function, these results suggest that DJ-1 activity may become compromised with age.
Modification of DJ-1b in Aged Flies Increases Dramatically upon Oxidative Insult, and Aged Flies Are More Vulnerable to Oxidative
Stress. The increase in acidic forms of DJ-1 in flies, mice, and humans with age was Ϸ10-30% of the protein, with a majority of the protein remaining unmodified. This suggested that, despite the increase in acidic DJ-1 isoforms, DJ-1 function may remain largely unaltered. We therefore addressed the effect of age combined with oxidative insult on DJ-1 modification and function. These studies revealed a striking effect on the extent of DJ-1 modification by oxidative stress with age and a dramatically enhanced sensitivity to paraquat in older flies.
Upon exposure to paraquat, much more relative DJ-1b protein was modified in older flies compared to younger flies: whereas 1-day-old flies showed an increase in modified DJ-1b from 0% to 6.3 Ϯ 1.8% with paraquat, 40-to 50-day-old flies showed an increase in modified DJ-1b from a basal level of 22.7 Ϯ 3.2% to 50.7 Ϯ 4.3% upon paraquat exposure (Fig. 5 a and b) . Thus, not only was more DJ-1b modified with age in the absence of exposure to paraquat, but significantly more DJ-1b became modified upon exposure of the animals to the oxidative toxin.
We then tested the sensitivity of flies of increasing age to paraquat. These experiments revealed that the animals showed a striking and progressive increase in sensitivity to paraquat with age. Whereas 1-day-old flies showed normal sensitivity, flies 20 and 40 days of age were dramatically more sensitive to paraquat; this result was similar in two different isogenic fly strains (Fig. 5c ). Taken together with the biochemical findings, these results suggest that increased modification of DJ-1, which is potentially indicative of functional compromise, may contribute to increased susceptibility to oxidative stress, and thus to disease, with age.
Discussion
These studies reveal a critical role for C104 in DJ-1b function and suggest that overoxidation of this residue may inactivate protein function. Moreover, modification of DJ-1 normally occurs with age in flies, mice, and humans. The increased oxidation status of the protein may lead to functional consequences: aged flies mimic DJ-1 mutant flies in response to paraquat, showing a strikingly increased sensitivity. These studies raise the possibility that DJ-1 function becomes compromised with age due to increased oxidation of the protein. This suggests a potential mechanism by which altered activity of normal DJ-1 protein, with age and exposure to oxidative toxins, may contribute to development of sporadic Parkinson's disease.
Cysteine oxidation alters the function of proteins ranging from enzymes to transcriptional regulators and is emerging as a posttranslational signaling mechanism in cells that may be as common as phosphorylation (46, 47) . Reports on hDJ-1 strongly suggest that all three cysteine residues can become oxidized with exposure to oxidative stress agents (35, 36, 43) . Two of these cysteine residues are conserved in all eukaryotic orthologs of DJ-1 protein, including fly DJ-1b. In DJ-1b, both the C45 and C104 are necessary for the acidic isoelectric shift in response to paraquat exposure. Rescue analysis in vivo revealed that C104, but not C45, was essential for protective function in vivo. This finding indicates that C104 is critical to the activity of DJ-1b, and mutation of this residue renders the protein inactive. The D substitution leads to a residue that is molecularly similar to overoxidized cysteine (cysteine sulfinic and͞or sulfonic acid), with the main difference of a carbon atom in place of the sulfur. The C104D protein behaved biochemically identical to modified DJ-1b protein, by both 1D and 2D gel analysis, yet had no activity in vivo. We suggest that this mutation reflects the functional activity of the overoxidized protein. An alternative interpretation is that C104 is simply a critical amino acid; further studies of protein activity in vitro, using specific mutant forms and oxidized protein, will help address this issue. Moreover, once genes are defined that modulate the oxidation status of DJ-1b in vivo to arrest the protein in the animal in one oxidation state or another, this can be further tested. That overoxidation of the protein inactivates function is supported by recent studies in vitro: although mild oxidation of C106 in hDJ-1 activates chaperone activity toward ␣-synuclein, overoxidation inactivates function (38) . Thus, situations of dramatically increased modification of DJ-1, such as aging and oxidative stress, may lead to the compromise of DJ-1 protein function through overoxidation.
The phenomenon involving inactivation of a protein by the toxic insult it protects against has precedent in the peroxiredoxins (Prxs). These proteins are involved in the reduction of hydrogen peroxide and organic hydroperoxides through the action of a catalytic cysteine residue (46) but are markedly susceptible to inactivation by these same hydroperoxides through overoxidation (to sulfinic acid) of the catalytic cysteine residue (48, 49) . Both DJ-1 and the Prxs are small proteins with broad cytoplasmic expression involved in biological protection from oxidative stress, which contain critical functional cysteine residues susceptible to overoxidation. There is evidence that DJ-1 may quench hydrogen peroxide activity in vitro (24) , likely through the oxidation of reactive cysteines. Furthermore, DJ-1 may harbor chaperone activity that is activated through modification of critical cysteines (38) . Our studies suggest that, whereas oxidation may activate DJ-1-protective functions, overoxidation may lead to molecular inactivation of DJ-1 function. Potentially, a delicate balance of inactive and active forms of the protein may determine the overall protective activity in the animal.
We observed a consistent increase in DJ-1 modification with age in multiple lines of flies and mice. Notably, we also observed an increase in acidic isoforms of DJ-1 with age in human brain samples, despite the heterogeneous genetic background. Older flies were also strikingly more susceptible to DJ-1b modification and death with paraquat. These findings indicate that aging leads to increased modification of the DJ-1 protein, which in turn may contribute to increased susceptibility to oxidative stress, a mechanism of DJ-1 inactivation with age that could contribute to the development of sporadic Parkinson's disease (Fig. 6) . The profiles of DJ-1 protein in control vs. late-onset Parkinson's patients support this idea, where increased levels of modified DJ-1 are seen (42, 43) . Increased modification of C104 (C106 in hDJ-1) may functionally impair DJ-1 activity, leading to decreased protein function. Modification of C45 (C46 in hDJ-1) may not compromise protein activity but may affect stability. Such loss of DJ-1 protein activity, like the loss of DJ-1 function through mutation in familial parkinsonism, would lead to increased susceptibility to oxidative stressors, potentially accelerated loss of dopaminergic neurons, and ultimately disease. These findings underscore findings with a second parkinsonism protein, Fig. 6 . Model of DJ-1 loss of function by modification and mutation in Parkinson's disease. Oxidative stress resulting from environmental exposure or aging leads to oxidation of DJ-1 (blue, active DJ-1) at key cysteine residues (SOx) and the inactivation of DJ-1 biological activity to protect against oxidative stress (red, inactive DJ-1). This is proposed to lead to increased sensitivity to oxidative stress, accelerated loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and contribute to the development of sporadic Parkinson's disease. In inherited parkinsonism due to loss of DJ-1 gene (top right), cells have increased sensitivity to oxidative stress from initial stages, leading to accelerated loss of dopaminergic neurons and Parkinson's disease.
parkin, whose cysteine modification results in decreased protein stability (50) . These studies suggest a role for DJ-1 in susceptibility to sporadic Parkinson's disease, with the increase in DJ-1 modification with age being a dramatic example of the potentially damaging effects of aging on protein function relevant to disease. Therapeutics to augment DJ-1 activity, inhibiting or minimizing DJ-1 overoxidation, may be a promising approach for neurodegenerative diseases in which oxidative stress plays a significant role.
Materials and Methods
Drosophila Stocks. Transgenic flies for expression of wild-type hDJ-1 and various DJ-1 mutants were generated by cloning the coding sequence of the genes into the pUAST vector, sequencing the constructs for verification, and introduction into the Drosophila germline using standard methods. All crosses and experiments were performed at 25°C. Mutations were made with the QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). Exposure to toxic compounds was performed as described (29) .
Protein Analysis. Twenty fly heads or four whole flies were homogenized in 100 l of Laemmli buffer, separated by 12.5% SDS͞PAGE, and transferred to nitrocellulose. Antibodies used were as follows: PA636 (ref. 29 ; guinea pig anti-DJ-1b, 1:1,000), PA691 (rabbit anti-hDJ-1; ref. 51) , goat anti-guinea pig HRP (1:5,000, Chemicon, Temecula, CA), and donkey anti-rabbit HRP (1:2,500, Chemicon). For 2D analysis, samples were homogenized in 8 M urea and 2% CHAPS. For fly samples, four flies in 100 l of PBS buffer were used. For mouse and human brain samples, 0.2 g of tissue was homogenized in 600 l of buffer. After centrifugation at 16,000 ϫ g for 10 min at 4°C, the supernatant was transferred to a new tube. The protocol provided by the manufacturer (Invitrogen, Carlsbad, CA, ZOOM System) was then followed.
For further details, see Supporting Text, which is published as supporting information on the PNAS web site.
